The mammalian transcription factor SRF and the yeast regulatory protein MCM1 contain DNA binding domains that are 70% identical; moreover, both proteins can bind the serum response element in the human c-fos promoter. Here we present an analysis of MCM1 sequence specificity by selection of sites from random sequence oligonucleotldes. In this assay the MCM1 
INTRODUCTION
Recent advances in the study of eukaryotic DNA binding proteins have led to the identifcation of several new protein sequence motifs associated with sequence specific DNA binding. One such motif is found in Serum Response Factor (SRF), a transcription factor involved in growth factor-regulated transcription (1; for review see 2). The SRF DNA binding domain is 70% identical to the DNA binding domains of two yeast regulatory proteins, MCM1 and ARG80 (3, 4) . All three DNA binding domains include a conserved 56 amino acid sequence motif, the 'MADS box' which is conserved in more distantly related proteins from both plant and animal kingdoms (5-8, see Figure 1A ). The N terminal half of the MADS box includes highly basic sequences involved in sequence-specific DNA binding (1, 8) , while its C terminal half forms part of the dimerisation region. Where tested, sequences required for high affinity DNA binding extend some 30 residues to the C terminal side of the MADS box motif (1, 8, 9) , a region that also specifies the recruitment of accessory factors by SRF and MCM1 (10, 11) .
The extensive sequence identity between SRF and MCM1 is reflected by the similarity between the SRF binding consensus CC(AJT)^GG and the sequences of naturally occuring MCM1 binding sites in celltype-specific yeast UASs, shown in Figure IB (for references, see 9, [12] [13] [14] [15] . Indeed, MCM1 can bind the human c-fos SRF binding site both in vitro and in yeast cells in vivo (3, 15, 16) . In spite of these similarities, however, the sequences and properties of naturally occuring MCM1 binding sites suggest that the binding specificities of the proteins are in fact different. For example, binding studies in vitro have shown that the affinity of SRF for CC(A/T)^GG elements can be reduced up to tenfold by mutation of the conserved CG basepairs at positions 1,2,9 andlO (for convenience, the first C of the CC(A/T) 6 GG consensus is designated position 1); by the introduction of deletions within the central AT core at positions 3-8; or by substitution of the AT core with CG basepairs. However, many naturally occuring MCM1 sites contain precisely such features (Figure 1 ; see 14, 15) . In addition, although some SRF binding sites function efficiently as UAS sequences in yeast, others have only minimal UAS activity, suggesting that they are not efficiently bound by MCM1 (17) .
To investigate differences in specificity between SRF and MCM1 in more detail, we have used a binding site selection technique to select MCM1 binding sites from a pool of random sequence oligonucleotides (13) . We show that the sequence specificities of SRF and MCM1 are indeed significantly different, and that sites which exclusively bind one protein or the other can be recovered.
MATERIALS AND METHODS

Plasmids and proteins
Recombinant SRF was produced using a baculovirus vector and purified as previously described (18) . MCM1 and its derivatives were produced by in vitro translation of appropriate cRNAs in reticulocyte lysates using as expression vectors T7/3Sal (1) or its derivative pT7/STAG (13) . Plasmids were constructed by standard techniques and were as follows:
pTTMCMl, encodes MCM1 amino acids 1-286. It was derived from pGA1761 (9) and contains MCM1 sequences extending from the initiation codon to a Clal site 6 basepairs 3' to the termination codon, inserted between the Ncol and PstI sites
• To whom correspondence should be addressed of T7/3Sal. For transcription the plasmid was linearised with BamHI.
pT7MCMl[l-112]T encodes MCM1 amino acids 1-112, followed by the c-myc 9E10 epitope (19) . PCR with primer 5' CCTCCATGGCTTCTTCCTCATCATC 3' was used to introduce an Ncol site into the MCM1 coding sequence at residue 113, and standard techniques were used to insert MCM1 codons 1-112 into the Ncol site of pT7/3TAG. For transcription the plasmid was linearised with EcoRI.
pT7MCMl[l-41]/SRF[167-508] was constructed using standard techniques by substitution of MCM1 DNA extending from the initiation codon to BspM (codon 44) for SRF DNA extending from the Ncol to BspHI (codon 169) sites of pT7A2.9 (1). It was linearised for transcription with EcoRI. The last MCM1 derived amino acid in the hybrid coding region is MCM1 residue 41 (His).
Site selection and DNA binding studies
Sites selections and DNA binding assays were performed exactly as described (13) , except that the final KC1 concentration in all binding reactions was raised to 200mM. Generation of probes for DNA binding studies by PCR from individual subcloned oligonucleotides, and mobility-shift gels were as described (13) . DEPC interference analysis was done as previously described (20) . Besides the MCM1-selected oligonucleotides and three oligonuceotides from a previous study of SRF binding (13) , probes were generated from plasmids comprising the following oligonucleotides inserted at the EcoRI site of pUC12:
Fos, aattGGATGTCCATATTAGGACATC (21); 1/2 site, aattTCCTAATTTCCT; STE3, aattGTGACACTAATTAGGAAACT; ACT.L, aattAGATGCCCATATTTGGCGATCT (22) ;
RESULTS
Selection of MCM1 binding sites
Preliminary experiments to produce MCM1 protein by in vitro translation of cRNA in the rabbit reticulocyte lysate showed that production of full length polypeptide was inefficent, due to premature termination of translation just C terminal to the DNA binding domain (data not shown). However, the DNA binding properties of a subfragment of the protein containing the DNA binding domain alone are similar to those of the intact protein (9, 11; data not shown), so we therefore used the isolated DNA binding domain for site selection. A truncated MCM1 derivative, MCMlfl -112]T, was constructed comprising MCM1 amino acids 1 -112, fused at its C terminus to sequences encoding the human c-myc 9E10 epitope ( Figure 1A ; 19). The protein was produced by in vitro translation, bound to random sequence oligonucleotides, and protein-DNA complexes were purified by immunoprecipitation using the 9E10 antibody (13) . The associated DNA was recovered, amplified using the PCR and used for further rounds of selection. During the selection process, the oligonucleotide pool became enriched for MCM1 binding sites, as judged by the proportion of input DNA recovered or the amount of DNA complexed when the recovered DNA was used as a probe in gel mobility-shift assays with the MCM1 protein.
No DNA was selected by unprogrammed lysate (data not shown; see 13).
After four rounds of selection, oligonucleotides containing MCM1 binding sites were recovered from MCMlfl-112]T-DNA complexes resolved on a mobility-shift gel, subcloned, and sequenced. The sequences of 57 different oligonucleotides are shown in Table 1 . Several oligonucleotides were recovered twice, indicating that the complexity of the original oligonucleotide pool was substantially reduced during the selection procedure. Each oligonucleotide sequenced contained a good match to consensus sequence (NotC)CCY(A/T)(A/T)(T/A)NN(A/G)G. For further discussion, the first C of this consensus will be designated position 1; positions 1-6 are underlined in Table 1 . Thirteen of the different oligonucleotides contained consensus matches overlapping the EcoRI primer sequence ( Table 1) ; sequences of this type were never recovered in site selection experiments with SRF (13). For derivation of an unbiassed consensus sequence, oligonucleotides in which primer sequences were located closer to the core motif than position -3 or +13 were omitted from the database (Table 1 , second consensus). The presumptive MCM1 consensus binding sites differ from the SRF consensus site CC(AJT)^GG (13) in three major ways. First, the outer GG dinucleotide at positions 9 and 10 is not invariant, with AG and less commonly GT occuring at this position; second, a pyrimidine rather than A or T is conserved at position 3; and third, GC basepairs are commonly found at positions 3-8, especially at positions 6,7 and 8. The core consensus is embedded in AT rich DNA, and there is a marked discrimination against C at position -1 and G at position 11. Many of the oligonucleotides selected by MCM1 thus contain multiple features that would adversely affect SRF binding.
The consensus motif defines an MCM1 binding site
To prove that the conserved (NotC)CCY(A/T)(A/T)(T/A)NN (A/G)G motif in the oligonucleotides selected by MCM1 are actually binding sites for the protein, we performed carboxyethylation interference studies. Previous methylation interference studies of MCM1 binding at naturally occuring sites showed that positions 1,2,9,10 are close contact points for the protein (15, 23) . We particularly wished to confirm that MCM1 is in close contact with the DNA throughout the observed consensus sequence, since many of the selected sites resemble halfsites of the SRF binding site. For analysis we therefore chose sites M20,M28,M44,M54, and M65 which contain from as few as 3 AT basepairs (site M20) to 6 AT basepairs (site M65) in their central region. (We shall show below that binding affinity does not correlate with the number of central AT basepairs.) In order to allow protein-DNA contacts in the DNA major groove at each basepair to be monitored, we chose to modify probe DNA by diethylpyrocarbonate (DEPC) treatment, which carboxyethylates the N7 of A and G bases. Complexes between MCM1[1 -112]T and DEPC-treated DNA were purified by gel electrophoresis, the DNA was eluted, and subsequently cleaved by piperidine treatment at positions of modification. The results, shown in Figure 2 , indicate that the MCM1 DNA binding domain makes major groove DNA contacts throughout one complete helical turn of the DNA. The degree of interference varies with the position in the consensus site. Carboxyethylation of purines at positions 1,2,9, and 10 always interferes strongly with binding, indicating that these positions are always in close proximity to protein (Figure 2 ). Modification of purines at positions 3 to 8 also interferes with MCM1[1 -112]T binding, although at these positions the strength of the effect is very variable (see site M65, Figure 2 ).
The bask region determines binding specificity
The significant differences between the sites selected by MCM1 protein from those selected by SRF might be due either to sequence changes in the parts of the protein that contact DNA or to changes in the orientation of the DNA contact surface caused by sequence changes in the dimerisation domain. MCM1 was previously found to adopt different conformations at different binding sites (24) . To investigate the MCM1 sequences responsible for the difference in specificity with SRF we constructed an MCM1/SRF hybrid protein, MCM1 / SRF[167-5O8] in which the N terminal sequences of MCM1, including the basic region of the DNA binding domain, are joined to the dimerisation region and C terminal sequences of SRF ( Figure 1A ). The hybrid protein was produced by cell free translation and the binding site selection process repeated, using an anti-SRF antiserum to recover protein-DNA complexes. Enrichment for binding sites was again observed with successive rounds of selection. After four rounds of selection, the MCM-SRF protein-DNA complexes were purified by gel electrophoresis and the associated DNA isolated, subcloned and sequenced.
The sequences of 44 different selected oligonucleotides are shown in Table 2 . The consensus site established in this analysis is very similar to that established for the intact MCM1 DNA binding domain. Again, the sites differ from the SRF binding site consensus: the flanking CC and GG dinucleotides at positions 1,2 and 9,10 are not invariant; a pyrimidine is conserved at position 3; and the majority of the sites contain some GC basepairs between positions 3 and 8. Minor differences were observed between sites selected by the MCM1-SRF chimera and MCM1 [1 -112] T: several sites contained the dinucleotide AC rather than CC at positions 1,2; the frequency of GG dinucleotides at positions 9,10 was higher; and three sites contained a C at position -1. However, this experiment suggests that the principal determinant of sequence specificity in MCM1 is located in the N terminal basic part of its DNA binding domain. 
Direct comparison of MCMl and SRF binding
The differences between the MCMl consensus binding site determined here and the SRF binding consensus detemined previously (13) suggest that many MCMl binding sites may be poor SRF binding sites. For example, in SRF binding sites, nucleotides other than CC at positions 1 and 2 and GG at 9 and 10, or GC basepairs at positions 3-8 are known to lower significantly the affinity for SRF (12) . Conversely, the presence of a conserved pyrimidine at position 3 of many sites selected by MCMl contrasts with the requirement for A or T at this position in SRF binding sites (13) . We therefore tested whether sites could be found that bound MCMl but not SRF and vice versa. Probes of equal specific acitvity were prepared from the MCMl and SRF sites shown in Figure 3C , and tested for SRF and MCMl binding by gel mobility-shift assay. The eight MCMl-selected sites included sites with either C or T at position 3, and sites with between three and six AT basepairs at positions 3-8. In addition we tested the naturally occuring MCMl binding site from the yeast STE3 gene UAS, which closely resembles the SRF consensus but has a T rather than a G at position 10 (see Figure 3Q . The last MCMl site tested is a synthetic site, TCCTAATTTCCT, previously shown to bind MCMl weakly in vitro (15) , which differs from an SRF consensus in the presence of CC in place of GG at positions 9 and 10. As SRF sites, we chose three SRF-selected sites from a previous analysis (13) , which differ only in the sequence of AT basepairs in the central CC(A/T) 6 GG core. All of these sites contain an (unfavourable) G at position 11: however, at positions 1-6, site S2-7 contains a good consensus match to the MCMl consensus element (CC-TAAT), while site S9 contains a poor match (CCTTAT), and site S35 contains a mismatch (CC AT AT; see Figure 3C ). In addition we tested the c-fos SRE, which contains a good match to the consensus and was previously shown to bind MCMl (15, 16) ; and ACT.L, a symmetric derivative of the X. laevis y actin SRE (22) , which contain an AT basepairs at the highly conserved position 3, disrupting the MCMl consensus. We first examined MCM1 T binding to the panel of sequences. As expected, the eight MCMlfl -112]T-selected sites were bound efficiently by this protein under our assay conditions, with affinities comparable to that of the STE3 MCMl site ( Figure 3A, compare lanes 8 -15 with lane 1) . Efficient binding of MCM1 T to the TCCTAATTTCCT site was also observed in this experiment ( Figure 3A, lane 2) . Similar results were obtained with intact MCMl protein (data not shown). However, the affinity of MCM1 [ 1 -112] T for the SRF binding sites tested was highly variable. The c-fos SRE and the in vitro SRF-selected site S2-7, which both contain a good match to our MCMl consensus at positions 1-6, bound MCM1 T with an affinity comparable to the MCMl[l-112]T-selected sequences ( Figure 3A compare lanes 4,5 with 8 -15 ). In contrast, the SRF-selected sites S35 and S9, which differ from site S2-7 only in the sequence of AT basepairs in the central region, exhibited gready reduced binding affinity for MCM1 [1 -112] T ( Figure 3A , compare lanes 5 with 6,7). We presume that the failure of site S9 to bind efficiently in spite of its match to the consensus at positions 1 -6 (CCTTAT) probably arises from its divergence both from the preferred A at position 4 and the unfavoured G at position 11.
We obtained significantly different results when we tested these Figure 3B , upper and lower panels respectively). The five naturally occuring and SRF-selected sites bound the protein equally well even though these sites exhibited widely different affinities for MCMl ( Figure 3B, lanes 3-7) . As expected, the STE3 UAS, which differs from the SRF consensus in that it contains a TA basepair at position 10, exhibits approximately 10-fold lower affinity for SRF than the c-fos SRE ( Figure 3B, compare lanes 1,4) , while the affinity of SRF for the TCCTAAT halfsite, which contains CG basepairs at positions 9 and 10, is even lower ( Figure 3B compare lanes 2,4) . By contrast, none of the sites selected by MCM1 [1 -112] T bound SRF efficiently in these assays. Of these sites only site M65 contains six AT basepairs in the core region; however, this site has AA at positions 5 and 6 in contrast to the majority of both naturally occuring and in vitro selected SRF binding sites (see 2, 13) . In general, it appears that the fewer the number AT basepairs at positions 3 to 8, the lower the affinity for SRF, as borne out by the examples of sites M65 and M23 ( Figure 3B , lanes 8,9) and sites M28 and M20 ( Figure 3B, lanes 12,13) .
DISCUSSION
In this work we used a site selection method and in vitro DNA binding studies to compare the DNA binding specificities of the highly related yeast MCMl and mammalian SRF DNA binding domains. Binding sites selected by MCMl in vitro, which had affinities comparable to or greater than die naturally occuring STE3 UAS, all contained the consensus motif (NotC)CCY (A/T)(A/T)(T/A)NNGG. This consensus differs significantly from the SRF consensus CC(A/T) 6 GG determined by the same method (13) . The subtle differences in specificity even between MCMl and SRF underscore the importance of a rigorous assessment of the binding specificity of the other family members.
In particular, although several plant SRF-related DNA binding domains can bind the c-fos SRE (10, 25) , the RSRFs, a set of mammalian SRF-related proteins bind the distinct consensus sequence YTA(A/T) 4 TAR (8). Thus even closely related members of the SRF family of related DNA binding domains may have significantly different sequence specificities. Our results at first appear surprising given the resemblance between the sequences of naturally occuring MCMl and SRF binding sites, and the observation that in several cases SRF and MCMl have been shown to bind each other's sites (10, 15, 16) . However, the different MCMl consensus determined here provides a rationale for the observation that many natural MCM1 binding sites contain deviations from the SRF CC(A/T) 6 GG consensus known to impair SRF binding. For example, analysis of SRF binding to mutant derivatives of the CC(A/T) 6 GG sequence has shown that its affinity is reduced up to tenfold by mutations at the conserved outer CG basepairs of the CC(A/T) 6 GG sequence, by substitution of the central AT basepairs with GC basepairs, or by deletion of AT basepairs from the central core (12, 13, 26) . Thus deviations of natural MCMl sites from the established SRF binding consensus probably reflect the subtly different binding specificity of the MCMl protein.
Previous studies of the role of MCMl in yeast celltype specific gene expression have demonstrated that the protein binds the P box motif, a degenerate dyad symmetry element found in a-and 1-cell specific UASs (27, 28; for examples see Figure IB ). In vitro DNA binding studies with bom cell extracts and recombinant MCMl proteins suggested that the primary sequence recognition determinant for MCMl within the P box is the halfsite sequence TCCTAAT (14, 15) . Our results are in broad agreement with this halfsite assigment, and the more relaxed consensus suggested by our study is matched by the majority of natural MCMl sites from both celltype-specific and -nonspecific promoters (see Figure 1 ). However, in contrast to our results, it was previously proposed that the optimal MCMl binding site is symmetric, based on the binding properties and UAS activity of the synthetic site P(PAL), and the structure of a-cell specific P boxes (14, 15) . Perhaps the greater apparent symmetry of i-cell specific MCMl sites actually reflects their ability to bind MATa2 protein (see Figure IB ). Other proteins with SRF type DNA binding domains also select asymmetric DNA sequences in site selection assays, but in these cases the asymmetry is less pronounced (8, 13) . Notwithstanding the asymmetric nature of many of these binding sites, interference analysis indicates that the protein makes close contact with DNA throughout a complete helical turn.
The difference in binding specificity between SRF and MCMl cannot be due to changes in the relative orientations of the MCM 1 subunits compared with those of SRF caused by their differing dimerisation domains: an MCMl-SRF chimera containing the dimerisation region of SRF in place of that of MCMl binds DNA with essentially the same sequence specificity as MCMl itself. This result also indicates that sequence differences between the N terminal basic parts of the two DNA binding domains must determine the sequence specificity of binding, as previously found in the case of the mammalian RSRF proteins (8) . The availability of closely related proteins with distinct sequence specificities should allow the identification of residues involved in basespecific interactions with DNA, by study of the DNA binding properties of chimeric proteins derived from different SRF family members. We are currently pursuing this strategy.
In yeast we found that the c-fos SRE functions weakly as a UAS, in agreement with previous reports (15, 16) , but that the ACT.L SRE has negligible UAS activity, consistent with its reduced affinity for MCMl in vitro (17) . The activity of ACT.Lcontrolled reporter genes in yeast is thus totally dependent on exogenously expressed SRF, and strains containing such reporters can be used for the study of the interaction of SRF with its accessory proteins and with DNA in the absence of interference due to MCMl binding (17) . We have not as yet examined whether the in vitro-selected MCMl binding sites described here represent efficient UAS sequences in yeast, and whether such activity is celltype-specific. This question is of interest in the light of current models for celltype-specific gene regulation in yeast. One model proposes that MCMl sites that bind the protein efficiently in the absence of cooperating MATal protein should act as celltype-independent UASs (14) : according to this model our sites should function as MATal independent UASs. An alternative model is that most MCMl sites bind the protein with comparable affinities but that it is only at a-specific UASs that MCMl can adopt a conformation which allows it to activate transcription (23, 24) . Failure of our high affinity binding sites to activate independently of cell type might therefore provide support for the conformation model for transcriptional activation by MCMl, and it will be interesting to test this idea.
The data presented here establish that it is possible to design binding sites for MCMl which in vitro are not recognised by SRF, and vice versa. Are such differences observed when the proteins are expressed in mammalian cells? As yet, we have not extensively characterised the properties of these sites in mammalian cells in vivo. Our preliminary results indicate that an MCMl binding site that cannot bind SRF in vitro exhibits neither constitutive nor growth-factor inducible activity when linked to suitable reporter gene and tested in a mammalian cell transfection assay. However, the regulated activity of such a site can be partially restored by overexpression of either wildtype SRF protein itself or more effectively by mutant SRF proteins that can efficiently bind such sites (C. Hill and R.T., unpublished data). Our observations may thus allow the development of systems for the study of SRF and mutants in vivo.
